Charged amino acids in the predicted transmembrane portion of PcaK, a permease from Pseudomonas putida that transports 4-hydroxybenzoate (4-HBA), were required for 4-HBA transport, and they were also required for P. putida to have a chemotactic response to 4-HBA. An essential amino acid motif (DGXD) containing aspartate residues is located in the first transmembrane segment of PcaK and is conserved in the aromatic acid/H ؉ symporter family of the major facilitator superfamily of transporters.
The major facilitator superfamily (MFS) of transporters is the largest group of electrochemical-potential-driven permeases found in living organisms (18, 22, 23) . The superfamily presently consists of 37 families (http://www.biology.ucsd.edu /ϳmsaier/transport/2__A__1.html) that generally group according to substrate specificity. Although the MFS is huge, only two of its members; LacY, the lactose permease of Escherichia coli (family 5), and TetA, a tetracycline efflux protein encoded by transposon Tn 10 (family 3 ) have been studied in detail from a functional point of view.
PcaK is a 4-hydroxybenzoate (4-HBA) permease from the bacterium Pseudomonas putida that is unusual in that it also mediates chemotaxis of P. putida to 4-HBA (9, 17) . PcaK is the founding member of the aromatic acid/H ϩ symporter family (AAHS) (family 15) of the MFS (18) . Under the recently proposed transporter classification (TC) system, PcaK has been assigned the TC number 2.A.1.15.1 (22) . Other members of family 15 include transport systems for the herbicide 2,4-dichlorophenoxyacetate; the lignin monomer vanillate; the aromatic acids 3-hydroxyphenylpropionate and benzoate; and cis,cis-muconate, a dicarboxylic acid that is an intermediate in benzoate degradation (2, 3, 6, 14, 28) . As is typical of MFS transporters, PcaK has 12 predicted membrane spanning regions and two conserved amino acid sequences in the hydrophilic regions between the second and third transmembrane regions and between the eighth and ninth transmembrane regions that are required for substrate accumulation (5) (Fig. 1) . It also has four charged amino acids in predicted transmembrane regions that are conserved in all members of the AAHS family but not in other families of the MFS (Table 1) . These include two aspartate residues in transmembrane segment 1 (TM1) that are part of a conserved DXGD motif, as well as two arginine residues, one in TM4 and the other in TM11 (Table 1) . PcaK also has a glutamate at position 144 and an aspartate at position 386, which do not clearly lie within transmembrane regions but are conserved in all AAHS family members.
As a step towards defining amino acid sequences that have a major functional role in members of the AAHS family of the MFS, we mutated the conserved charged amino acids in the PcaK permease and examined the effects of the mutations on rates of 4-HBA transport. Several histidines that are less well conserved in the AAHS family were also mutated. We examined the effects of all of the mutations on the chemotactic response of P. putida to 4-HBA.
Construction of pcaK mutants. Plasmid pHJD193, which contains a 1,656-bp segment of DNA encompassing the pcaK gene and its native promoter (5), was used as template for the generation of site-directed mutants of pcaK by the incorporation of a phosphorylated oligonucleotide during PCR amplification (15) . 5Ј-Phosphorylated mutagenic primers were designed to incorporate one codon change and a silent restriction enzyme recognition site to allow the screening of mutated PCR products. The outside primers and PCR conditions were as described previously (5) . The nucleotide sequences of all mutant pcaK genes were verified by DNA sequencing. The PCR products were cloned into the gentamicin resistance broadhost-range vector pBBR1MCS-5 (13) . E. coli cells were transformed with plasmid DNA by the method described by Hanahan (8) . Plasmids carrying gentamicin resistance genes were mobilized from E. coli DH5␣ into the P. putida pcaK mutant PRS4085 by triparental matings with E. coli HB101 (pRK2013) (4) . P. putida cells were grown at 30°C in a defined mineral medium with 4-HBA or succinate as described previously (9) . For P. putida, the antibiotics gentamicin and kanamycin were used at final concentrations of 5 and 100 g/ml, respectively; for E. coli, ampicillin, gentamicin, and kanamycin were used at final concentrations of 100, 20, and 100 g/ml, respectively.
4-HBA transport is abolished by mutations that insert uncharged amino acids into transmembrane regions of PcaK.
The two aspartates in TM1 of PcaK (D41 and D44) were changed to alanines (D41A and D44A), asparagines (D41N and D44N), and glutamates (D41E and D44E). Within TM4 and TM11, R124 and R328 were each changed to alanine residues. The wild-type PcaK protein and each mutant PcaK protein was expressed in the P. putida pcaK null mutant strain PRS4085 under the control of the native pcaK promoter. The rate of [
14 C]4-HBA transport was measured as described previously (5). The D41A, D41N, D44A, and D44N mutant PcaK proteins were unable to catalyze any measurable transport of 4-HBA (Fig. 2) . When the negative charge at amino acid positions 41 and 44 was restored (D41E and D44E changes), 4-HBA transport was 63 and 67% of the wild-type rate. The R124A and R398A amino acid substitutions resulted in mutant PcaK proteins that were completely defective in their ability to catalyze 4-HBA transport (Fig. 2) . Charged amino acid residues that are not located within transmembrane regions of PcaK are also involved in 4-HBA transport. E144 and R386, which are positioned in the hydrophilic cytoplasmic loop between the fourth and fifth transmembrane segments and 10th and 11th transmembrane segments of PcaK, respectively, are both required for 4-HBA transport. When these residues were each changed to alanines, 4-HBA transport was reduced to background levels. Site-directed amino acid changes in the three histidine residues of PcaK resulted in mutant proteins that facilitated the transport of 4-HBA from slightly above background to wild-type levels ( Table 2) .
pcaK mutations also affect chemotaxis. Chemotaxis to 4-HBA was assessed by a soft agar swarm plate assay. PcaK mutant (strain PRS4085) cells carrying either wild-type pcaK or mutant pcaK genes in trans on plasmid pBBR1MCS-5 were stabbed into the centers of minimal medium plates that had been solidified with 0.3% Nobel agar and that contained either 0.5 mM 4-HBA or 1.0 mM succinate. A wild-type chemotactic response is indicated by a sharp, rapidly growing ring that forms in response to the gradient of 4-HBA that is created as cells metabolize the carbon source. The ability of mutant PcaK proteins to mediate chemotaxis to 4-HBA was determined by comparing the diameter of the swarm ring formed by each mutant to the diameter of the swarm ring formed by cells were also completely defective in mediating a chemotactic response to 4-HBA (data not shown). Cells expressing mutant PcaK proteins had a wild-type response to the chemoattractant succinate. The mutant proteins that catalyzed partial levels of 4-HBA transport could also partially complement the 4-HBA chemotaxis minus phenotype of the pcaK mutant strain PRS4085 ( Fig. 3 ; Table 2 ).
Mutant PcaK proteins did not have defects in membrane localization. Each PcaK mutant protein resembled the wildtype protein in its level of expression and its cellular localization. To test this, wild-type and mutant PcaK proteins were labeled with L-[
35 S]methionine during expression from a T7 promoter in E. coli BL21 (DE3) (26) . We have shown previously that, when expressed in E. coli, PcaK catalyzes 4-HBA transport at a rate similar to that seen in P. putida (17) . Mutant pcaK genes were amplified by PCR using the pBBR1MCS-5 clones as templates, cloned into pT7-5 (27), and expressed as described previously (5) . Each mutant PcaK protein localized to the cell membrane at levels that were similar to those of the wild-type PcaK (data not shown). The cytoplasmic fraction contained no labeled protein.
Conclusions. MFS transporters are widely distributed in archea, bacteria, and eukaryotes. This is an ancient family of transporters and individual members have diverged to the point where it can be difficult to identify them as belonging to the MFS without using advanced computational methods (21) . All MFS members share, however, a common molecular architecture that consists of 12 or 14 transmembrane helices that are thought to be packed to form the perimeter of a pore through which the transported substrate crosses the cell mem- regions of the protein (D41, D44, R124, and R328) are each required for 4-hydroxybenzoate transport. Each is also conserved in all members of the aromatic acid/H ϩ symporter family of the MFS. In TetA, a histidine residue and aspartate residues located in transmembrane domains have been identified as being required for the exchange of tetracycline and a H ϩ (25, 29, 30) . Extensive studies on the lactose permease have identified pairs of charged amino acid residues (a negatively charged side chain paired with a positively charged side chain) in transmembrane helices that are involved in substrate translocation, H ϩ translocation, or helix packing (7, 12, 20) . It is possible that transmembrane aspartate and arginine residues are charge paired in PcaK and intimately involved in one or more of these three processes, although more detailed studies will be required to prove this. Hydrophobicity plots predict that E144 and H183 of PcaK lie very close to the membrane, and it is possible that in the native protein these amino acids are in fact buried in the cytoplasmic membrane. This is probably not the case for R386, and it is unclear what this particular amino acid might contribute to the transport function of PcaK. The H328 residue of PcaK is located within the second of two conserved stretches of amino acids that are critical for substrate translocation in MFS permeases by acting as a gate for channel opening and closing (10) . Therefore, the effects of the H328A and H328R changes on transport are likely due to structural changes within the 8-9 cytoplasmic loop of PcaK.
Mutants that are completely defective in PcaK expression are unable to sense and respond to 4-HBA in chemotaxis assays (9). 4-HBA diffuses across the cell membrane and into P. putida at rates sufficient to support wild-type rates of growth under the conditions in which 4-HBA chemotaxis is measured (9) . Thus, simple accumulation of this aromatic acid within cells is not sufficient for chemotaxis to occur; PcaK must be present. This and previous work (5) shows that pcaK mutants that are partially defective in transport have chemotaxis defects of equivalent severity.
Transporters for aromatic acids have been identified that belong to MFS families other than the AAHS family (1, 19, 24) . So, membership in the AAHS is not an obligatory characteristic of all MFS permeases that recognize aromatic compounds as a substrate.
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